The auditory masking of low-frequency sound by pure tones and band noise was measured. Forty subjects participated in our experiments. There was not much variation among the subjects in the masking by pure tones but there was a large variation among them in the masking by band noise. The masking characteristics of band noise were investigated. The frequency characteristics of the masking by band noise could be divided into three groups of subjects by cluster analysis. The first group of subjects had masking values that were positive or small at all frequencies. The second had masking values that were negative or small at several frequencies. The third had masking values that were positive at frequencies lower than 20 Hz and negative at frequencies greater than 20 Hz; the curve of these values having an inverse S shape. To find the reason as to why the subjects could be divided into a few groups according to the masking characteristic, psychological experiments were performed. Twentyone sound stimuli, -pure tone, band noise and both pure tone and band noisewere prepared. The subjects belonging to a particular group had similar psychological responses to the sound stimuli. Many people do not complain about low-frequency sound but some people are suffering from it. The people who sensitively responded to low-frequency sounds are reported. The results obtained here may explain the special relationship between the sufferers from low-frequency sound and the hearing characteristic.
INTRODUCTION
The auditory masking of audible sound has been investigated (1,2), and the masking characteristics have been reported. The results have been applied to noise abatement. The masking characteristics are also expected to be useful for lowfrequency noise countermeasures. Some discrepancies in the hearing threshold between audible sound and low-frequency sound were detected. Hearing thresholds of complex sounds were influenced by the phase difference between components. Hearing thresholds of complex sounds were lower than those of pure tones that have the same frequency as the components of the complex sound they compose (3) . The human ear is able to easily resolve a complex sound into its components at audible frequencies but not at low frequencies. In the case of complex sounds and auditory masking, more than two kinds of sounds are heard simultaneously. Some relationship between the hearing threshold of complex sounds and audible masking is thought to exist. The masking characteristics of low-frequency sound are supposed to be different from the masking characteristics of audible sound; therefore, we have investigated the masking of low frequency sound.
Our experiments on the masking of low-frequency sound were performed using band noise as a masker and the psychological responses to various sound stimuli were measured.
MEASUREMENT OF MASKING BY BAND NOISE 2.1 Experiments
Hearing thresholds with and without the masker were measured. The subjects were exposed to low-frequency sounds in a small chamber. The low frequency testing chamber, which had dimensions of 1826 mm (length), 915 mm (width), and 1867 mm (height), was prepared to measure hearing thresholds and the masking characteristics of low-frequency sound. Eight loudspeakers of diameter 430 mm were installed in the chamber. Four loudspeakers produced the masker; the others the masked sound. The testing chamber was located in a soundproof room. Thus, the background noise inside the chamber was minimal.
Band noise with a central frequency was 20 Hz was used as the masker. The attenuation rate of the band-pass filter was 24 dB/octave and the bandwidth was 3.5Hz. The measurement results of a frequency analysis of the masker are shown in Figure 1 . The levels of the masker used in the measurement were 70 dB and 80 dB, for the following reasons. The 70 dB level was too low for some subjects to sense this masker. But the level of 80dB was sufficiently loud for all subjects to sense this masker. Measurement signals were pure tones and the frequencies were from 8 Hz to 50 Hz in steps of 1/3octave. The masker was kept on all the times. The amount of masking is calculated by subtracting the hearing thresholds without the masker from those with the masker.
The psychometric method used was the method of limits. Three descending series and two ascending series were executed. The first was the descending series. The average of four series except the first series was considered as the representative value. Forty male subjects of ages from 18 to 22 years were used. Their hearing abilities were normal.
Figure.l.
Frequency characteristics of masker
Results and discussion
Mean values and standard deviations of hearing thresholds of pure tones without maskers and those with maskers of levels are 70 dB and 80 dB are shown in Table I . 
Relat ive level ( dB)
Auditory masking of low-frequency sound and the relation between masking characteristic and psychological response Figure 2 shows the hearing thresholds of pure tone obtained in this study and in a previous study, and ISO 389-7. The mean values of the hearing thresholds without the masker in this study and the other previously reported study are not very different. The standard deviations range from 5.0 dB to 5.8 dB, which are also identical to the previous data. Thus, the measurement system and the subjects are reliable.
Table I
Mean values and standard deviations of hearing thresholds of pure tones with and without masker. The masker is a band noise of 20 Hz,70 dB
The mean values of the hearing thresholds with the masker of 70 dB are only 2 -3 dB greater than those without the masker. The standard deviations of hearing thresholds with the masker are larger than those without the masker. The masker disturbs and makes hearing difficult. The distribution of thresholds is important, and the hearing thresholds of 12.5 Hz, 25 Hz, and 50 Hz with and without the masker are shown in Figure 3 . The horizontal axis shows the hearing threshold without masker and the vertical axis shows the hearing thresholds with maskers of 70 dB and 80 dB. The points are spread uniformly at every frequency. Masking values are given by subtracting hearing thresholds without the masker from those with the masker. The many points under the diagonal line indicate negative masking values. The masking stimulus of band noise of 70 dB was very weak and was perceived by the subjects as soft. Some subjects could not hear the noise, but the noise still affected their hearing. The masking stimulus of band noise of 80dB was rather strong. Every subject could hear it and some subjects perceived it as fairly strong or loud. Therefore, these masking values were expected to be fairly large. The mean values of hearing thresholds with masker of 80 dB were larger than those with the 70 dB masker. But, the masking values were still negative in some subjects. The hearing threshold distribution with 70dB and 80dB masker was shown in Figure 4 . The figure shows that the threshold levels decreased and increased with around 20dB at most by the level change of 80dB from 70dB stimuli in some subjects. It is difficult to expect masking values to be negative at audible frequencies. The hearing mechanism at low frequencies may be different from that at audible frequencies.
Vol. Comparison with data of hearing thresholds obtained in this study and those obtained in other studies. Hearing thresholds with and without masker. The masker was a band noise whose center frequency and sound pressure Ievel were 20 Hz and 70dB and 80dB. The horizontal axis shows hearing thresholds without masker, and the verti¢al axis shows hearing thresholds with masker. Hearing thresholds with 70 dB and 80 dB maskers. The horizontal axis shows hearing thresholds with 80 dB masker, and the verti¢al axis shows hearing thresholds with 70dB masker.
Analysis of masking data

Application of a cluster analysis to masking data
The masking values at each frequency are checked in every subject, and several patterns were noticed. Statistical methods were adopted to check the similarity among these data. Cluster analysis in multivariate analysis was applied to the masking data. Nine frequencies were used as variates and the masking values of 40 subjects were used as sample data. A squared Euclidean distance for obtaining the ) shows the results when the sound pressure level of the masker is 80 dB. The masking data were roughly classified into three groups -A, B, and C. All the data included in a cluster have a similar quality. When the masker level was 70 dB, the number of subjects in groups A, B, and C were 23, 9 and 8 respectively. When the masker level was 80 dB, the number of subjects in groups A, B, and C were 15, 8, and 17, respectively. The subjects in each group when the masker is 70 dB are not the same as when the masker level is 80 dB. The subject numbers in groups A, B and C when the maskers are 70dB and 80dB are shown in Table II . 
Frequency characteristics of masking in each group
This masking data could be divided into three groups, each group having the same characteristic. Masking audiograms of band noise of 70 dB and 80 dB are shown in The frequency characteristic is a curve with an inverse S shape. As shown in the graphs, the deviation of masking data is different in each group. The deviation when the masker level is 70 dB is more than that at 80 dB in the group A, but the deviation when the masker is 70dB is smaller than that with 80 dB in groups B and C. The deviation of each group depends on the level of the masker. The mean values of the deviation of all groups when the masker level is 70 dB are smaller than those at 80 dB; thus, the characteristic of the masking audiogram is more distinct when the masker level is 70 dB. Auditory masking of low-frequency sound and the relation between masking characteristic and psychological response Hearing thresholts of individual group without masker (a) and with masker (b). The masker was a band noise whose center frequency and sound pressure level was 20 Hz and 70 dB. The differences between two groups are significant at 1% level (**) and 5% level (*) by a t-test. The results show that the hearing thresholds of the group B are the greatest in the three groups without masker at all frequencies. There are no differences in the hearing thresholds between the group A and C. Concerning the hearing thresholds with masker, those of group A are rather higher than those of other groups. Those of the group A and C are similar at frequencies below 20 Hz and those of the group B and C are similar at frequencies of 20 Hz and over 20 Hz. A paired t-test shows that the differences between the hearing thresholds of group A and group B are significant at the 1% level at 25 Hz and at the 5% level at 31.5 Hz. The differences between the hearing thresholds of group A and group B become greater when the masker is exposed. A paired t-test shows that the differences are significant at the 1% level or at the 5% level at frequencies from 8 Hz to 20 Hz. Hearing thresholds of the group A increased by the influence of the masking noise because the subjects of the group A have difficulty hearing low-frequency sounds. They could be considered as being able to distinguish low-frequency sounds and the masking noise. Those of the group B decreased and they could hear levels lower than the hearing thresholds. It could be considered that they were unable to distinguish low-frequency sounds and the masking noise and heard the two kinds of sound (masking noise and testing sound) as one combined one. This could be because the hearing thresholds of the group B are the highest among three groups. Those of group C are very different from other groups. The hearing thresholds are similar to the group A at frequencies lower than 20 Hz and similar to the group B at frequencies of 20 Hz and over 20 Hz.
Hearing thresholds in each group
PSYCHOLOGICAL RESPONSE TO LOW-FREQUENCY SOUND STIMULI
The masking values were very different for each subject. The findings that the masking values were negative and that the subjects could be divided into a few masking patterns were unexpected. The hearing characteristics of low-frequency sounds were found to be very different from those of audible sounds. The subjects were exposed to two kinds of sound stimuli during the masking experiments. 
Toshio Watanabe and Sinji Yamada
Auditory masking is related to the ability to distinguish sounds. The subjects belonging to the same group could be expected to have similar hearing ability and a similar psychological reaction to sound stimulus.
Psychological experiment
A psychological experiment was executed to find the psychological basis of the masking characteristic. Twenty-one sound sources that were pure tones, band noises, and both pure tones and band noises were used as sound stimuli. These are shown in Table IV . The attenuation rate of the band-pass filter was 24 dB/octave. The sound stimuli of two kinds of sources were generated at the same time. The sound stimuli were randomly presented to avoid the order effect. Fifteen words that express the psychological and physiological conditions of a subject on hearing lowfrequency sounds were selected to evaluate the sound stimuli. These are given in Table V . Forty subjects were exposed to the sound stimuli for 30 s in the testing chamber. After hearing the stimuli, they marked an appropriate category on a rating scale that had five categories ranging from without feeling to a very strong feeling, corresponding to each evaluation word.
Table IV
Sound stimuli used in the experiment, and mean values and standard deviations of ratings of the psychological responses to the sound stimuli in each group.
Results
The change in psychological responses to various sound stimuli when band noise was added to pure tone or pure tone was added to band noise was checked. There were some changing patterns of response ratings which depended on the combination of the frequency and the level of sound stimuli. The change of the response was significant when band noise of 20 Hz, 75 dB was added to a pure tone of 20 Hz, 85dB. A part of the results in each group is shown in Figure 9 . Fifteen evaluation words were used, but the two evaluations of "feeling cheerful" and Auditory masking of low-frequency sound and the relation between masking characteristic and psychological response "feeling at ease" corresponded to almost no feeling. Hence, these responses were omitted from the results. The response were stronger in the case of the evaluation words "pressure feeling", "vibration feeling", and "feeling heavy head" than in the case of other words. As shown in Figure 9 (a), the response ratings of subjects of 1, 8, 9, and 38, who belonged to group A, increased when band noise was added to the pure tone than when the pure tone alone was used. Conversely, the response ratings of subjects of 2, 4, 7, and 19, who belong to the group of B, decreased. In group C, response rating of some increased and of others decreased. As already reported, there were differences in the masking values and hearing thresholds of group A and group B. Therefore, the difference in hearing could cause the difference, in psychological response to the sound stimuli, but the reason for this is not clear yet.
Table V Evaluation words to low frequency sound used in the psychological experiment. A Psychological responses to the sound stimuli which are pure tone (᭺) and both pure tone and band noise (᭹). The numerals shown are the subject numbers A, B and C are the group names shown in Figure 4 (a)
Masking characteristics and psychological response
In order to find the relation between the change of response to sound stimuli and the masking characteristics, the average of the ratings of the 13 evaluation words were calculated. The values of the rating were 1 for "no feeling," 2 for "weak," 3 for "fair," 4 for "fairy strong," and 5 for "strong." The average and the standard deviation in every group are shown in Table IV . The changes of rating by the addition of a band noise to a pure tone and the addition of a pure tone to a band noise are shown in Figures 10 and 11 . The increase, decrease, and no change of the ratings in each group are shown. When band noise was added to the pure tone of 10 Hz with 100 dB, the psychological response of every group increased in most cases. On the other hand, when band noise was added to the pure tone of 20 Hz with 85 dB, the psychological response decreased in group B. When the low-level band noise of 20 Hz, 65 dB and 20 Hz, 70 dB was added, the apparent difference was observed and a paired t-test showed that the difference of the response ratings were significant. The psychological response increased in group A, but the response of some subjects increased and others decreased in group C. When band noise was added to the pure tone of 40 Hz, 70 dB, the psychological response increased in group A, but the changes of response were not observed in groups B and C. The change of response was not statistically significant. As shown in Figure 10 , the psychological response increased in all groups, and a paired t-test showed that they were significant at the 5% level or the 1% level in many cases when a pure tone was added to the band noise. Psychological rating scale of individual groups when exposed to sound stimuli of pure tone and pure tone and pure tone with band noise.. The rating scale is an average of the individual groups. The response of a subject was calculated by the average rating on 13 evaluation words. These groups are given by cluster analysis of masking data at masker level of 70 dB. The differences are significant at 5% level (*) and at 1% level (**) by a t-test. Psychological rating scale of individual groups when exposed to sound stimuli of pure tone and pure tone and pure tone with band noise.. The rating scale is the average of the individual groups. The response of a subject was calculated by the average rating on 13 evaluation words. These groups are given by cluster analysis of masking data at masker level of 70 dB. The differences are significant at 5% level (*) and at 1% level (**) by a t-test.
As shown in the results, the responses of the subjects of the group B decreased when band noise was added to the pure tone of 20 Hz, 85 dB. This is very different from the results of other groups. The masking characteristics of group B were also very different from those of the other groups. When the subjects of the group B were simultaneously exposed to the pure tone and the band noise, the hearing thresholds were lower than those for the pure tone alone. The masking values were negative. The reason for this relation between the masking characteristics and the psychological response is still unclear. The hearing characteristics of the two kinds of sound stimuli were different depending on the subjects, and the hearing characteristics and the psychological responses to the sound stimuli were connected. It is possible that the subjects in group B could not hear two kinds of sound stimuli separately. The reason for the psychological response decreasing when the band noise is added to the pure tone is not clear yet. The subjects who sensitively respond to low frequency sounds are reported. The results obtained here may explain the special relation between the sufferers from low frequency sound and the hearing characteristics.
CONCLUSIONS
The masking characteristics of pure tones by band noise were measured at frequencies from 8 Hz to 50 Hz, in steps 1/3 Octave. The masking sound was a band noise whose central frequency and sound pressure levels were 20 Hz and 70 dB and 80dB. Psychological experiments were carried out. Forty subjects participated in the masking experiment as well as the psychological experiment. The following results were obtained;
(1) The masking data could be roughly divided into three groups of similar characteristics. Each group had a typical masking pattern. The first group had masking values that were almost all positive at all frequencies. Their hearing thresholds increased by masking sound. The second group had masking values that were negative or small at several frequencies. The third group had masking values that were positive at frequencies lower than 20 Hz and negative at frequencies of 20 Hz and over 20 Hz. (2) The mean values of masking were found to be negative at all frequencies in the second group, when the masking sound level was 70 Auditory masking of low-frequency sound and the relation between masking characteristic and psychological response dB. The reason may be that these subjects could not distinguish the testing sound and the masking sound. (3) The psychological responses of the three groups divided by the patterns of masking characteristic were as follows. The response rate when lowlevel band noise of 20 Hz and a pure tone of 20 Hz were used to stimulate the first group was more than that when a pure tone alone was used. The response rate decreased in the second group. Both responses were observed in the third group. The subjects belonging to a particular group had a similar psychological response to the sound stimuli. The inhabitants who sensitively response to low frequency sounds are reported. The results obtained here may explain the special relation between the sufferers from low frequency sound and their hearing characteristic.
